due to its comparable volumetric capacity to Li/S battery (3268 mAh cm −3 vs 3467 mAh cm −3 for sulfur) and the high electronic conductivity of Se (25 orders of magnitude higher than sulfur). [5] These properties could enable an ultrahigh loading of Se in the electrodes without having to consider the electronic conductivity issue. Therefore, exploration of Se-S cathodes that have both high electronic conductivity and high specific capacity is a promising strategy to enable high-performance and high-loading Li/S batteries. [6, 7] The electrochemical performance of Li/S and Li/Se-S batteries highly depends on the electrolytes used in the system. To the best of our knowledge, carbonate-based and ether-based electrolytes are two of the mostly deployed electrolytes so far. It is widely accepted that Li/S and Li/Se-S undergo a solid-state lithiation process in the carbonate electrolytes without any formation of soluble polysulfides/polyselenides. [8] [9] [10] However, the nucleophilic attack of soluble polysulfides and Li 2 S toward carbonate solvents such as ethylene carbonate and ethyl methyl carbonate raises a big concern on directly using sulfur particles in the carbonate electrolytes without protection. [11, 12] Guo and co-workers have reported a smart strategy by using small sulfur allotropes S [2] [3] [4] , which were confined in a microporous carbon matrix (MPC) with an extreme small pore size of ≈0.5 nm. [13] Although the resulted S 2-4 /MPC composite showed admirable electrochemical properties, the sulfur loading was significantly limited to only 40 wt% due to the low pore volume of MPC.
On the other hand, Li/S and Li/Se-S batteries undergo a two-step solid-liquid-solid (de)lithiation process in the conventional ether-based electrolytes, in which sulfur (selenium) was reduced to Li 2 S (Li 2 Se) via highly soluble polysulfides (polyselenides) intermediates. [14, 15] Soon after Nazar and coworkers [14] reported that ordered mesoporous carbon significantly improves the electrochemical performance of the sulfur cathode, numerous efforts have been devoted to find optimal conductive host materials that confine sulfur and polysulfides within the cathode side through either physical adsorption [16] [17] [18] [19] or chemical interactions such as polar-polar interaction [20, 21] and metal-sulfur bonding. [22, 23] However, as long as the generation of soluble polysulfides/polyselenides intermediates, performance degradation due to the loss of active materials and the shuttle effect is just a matter of time. Moreover, by using in situ Se K-edge X-ray absorption near-edge spectroscopy (XANES), we have recently found that space-confined Se-S cathodes would still undergo continuously capacity fade and severe shuttle effect even though Se-S was well encapsulated into the porous carbon matrix due to a distinct binding sequence between polysulfides/polyselenides and carbon host. [24] Compared to the extensive efforts on the cathode side, less attention has been paid to manipulate the interfacial chemistry resulted from the interplay between rational cathode design and optimal electrolytes, which could significantly affect the electrochemistry of Se-S cathodes. Herein, we have demonstrated an alternative approach to the traditional sulfurencapsulation strategy via a rational solid-electrolyte interphase (SEI) design to directly bypass the polysulfides/polyselenides formation. As evidenced by in situ 7 Li NMR spectroscopy and in operando synchrotron X-ray probes during electrochemical cycling, we found that the SEI layer that in situ formed on the surface of Se-S cathodes has switched their lithiation chemistry from conventional two-step solid-liquid-solid reaction to one-step solid-state (de)lithiation process. Therefore, the formation of polysulfides/polyselenides was dramatically inhibited as further confirmed by high-precision leakage current measurement. An amorphous Se-doped S 22.2 Se/Ketjenblack cathode with extraordinary electrochemical performance was hence developed. More importantly, our work also enables the use of high pore volume (6 cc g −1 ) large porous carbon (≈40 nm) as a promising host material for high-loading Se-S cathodes (up to 85 wt%) to increase the volumetric energy density of batteries. This study indicates that manipulating the SEI chemistry could open up new avenues for the development of high-performance rechargeable battery systems.
Results and Discussion
Understanding the physical properties of Se-S compounds is critical to develop high-performance Se-S cathodes. Thus, a series of bulk Se-S compounds were prepared by heating mixtures of S and Se in designated weight ratios at 600 °C for 3 h through a vapor-condensation method. Figure 1a shows the Raman spectra of S, Se, and Se-S compounds. As shown, with increasing S content, the characteristic peaks of S gradually increase while the intensities of the Se peaks decrease accordingly. Figure 1b depicts the high-energy X-ray diffraction (HEXRD) patterns of the various Se-S compounds, in which we can see that most of these compounds are crystalline. It is unexpected to find that bulk S 3 Se 5 , S 1 Se 1 , and S 5 Se 4 are in an amorphous state. Figure 1c further shows the pair distribution function analysis of S powder, Se-S compounds, and Se powder. We can see the chemical environment significantly changed with different S concentrations. These data suggest that the asprepared Se-S compounds are a series of new materials rather than a simple physical mixture of S and Se. Their theoretical capacities are compared in Figure S1 (Supporting Information), which shows that capacity decreases with decreasing S content. By contrast, the electronic conductivity should increase with increasing Se content. Therefore, optimal Se-S compounds could be promising cathode materials with high specific capacity, high electronic conductivity, and low cost. Take S 5 Se 2 as an example. It has a theoretical capacity of 1389 mAh g −1 , while the weight ratio between element Se and S is close to 1/1, which should be more conductive than bare S. Therefore, S 5 Se 2 was chosen as a model material to investigate the electrochemistry of Se-S cathodes.
Similar to the previously reported space-confined S-and Se-based cathodes, we prepared an S 5 Se 2 /Ketjenblack (hereafter S 5 Se 2 /KB) composite through the melt-impregnation method. [16, 17] The HEXRD patterns of the S 5 Se 2 /KB composite ( Figure 1d) show that no diffraction peaks belong to crystalline sulfur, selenium, or S 5 Se 2 can be observed, indicating that S 5 Se 2 nanoparticles are well encapsulated into the pores of the Ketjenblack and exist in an amorphous state. The content of S 5 Se 2 in the composite was determined to be about 50 wt% by thermogravimetric analysis (TGA) of the S 5 Se 2 /KB composite under an argon atmosphere (Figure 1e ). The scanning electron microscopy (SEM) image (Figure 1f ) and the corresponding elemental map ( Figure S2 , Supporting Information) show that the S 5 Se 2 nanoparticles are well assembled with Ketjenblack to form microsize secondary particles. The transmission electron microscopy (TEM) image (Figure 1g ) and the corresponding elemental mapping (Figure 1h ) further showed that carbon, sulfur, and selenium are uniformly distributed throughout the S 5 Se 2 /KB composite. The high-resolution TEM image (Figure 1i ) and the selected area electron diffraction (SAED) pattern (inset) confirmed that S 5 Se 2 was in an amorphous state. These structural features are similar to the previously reported space-confined Se-S cathodes, [25] [26] [27] [28] [29] [30] and this correspondence can help us to identify common issues during the electrochemical reaction.
The electrochemical performance of the S 5 Se 2 /KB cathode was evaluated by assembling electrodes into coin cells with lithium as the reference and counter electrode. Figure 2a -c shows the voltage-capacity curve for the first discharge of the S 5 Se 2 /KB cathode in the carbonate-, 1,2-dimethoxyethane (DME)-, and HFE-based electrolyte at C/20 (1C = 1389 mA g −1 ), respectively. DME-based electrolyte is the conventional ether-based electrolyte for Li/S battery (i.e., 1 m lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)/1,3-dioxolane (DOL)+DME (1/1, v/v) with LiNO 3 additive), while HFE-based electrolyte has the same formula except DME is replaced by HFE. DME is a linear ether, while HFE is a hydrofluoroether (see their molecule structures in Table S1 , Supporting Information). Figure 2a clearly shows a single discharge plateau in the carbonate-based electrolyte, corresponding to the direct electrochemical transformation of S 5 Se 2 to Li 2 S/Li 2 Se without the formation of soluble polysulfides/polyselenides, which has been proved to be a solid-state lithiation/delithiation reaction by advanced spectroscopy analyses. [8, 31, 32] For the DME-based electrolyte (Figure 2b ), there are multiple discharge voltage plateaus, which can be assigned to the well-known two-step solid-liquid-solid reactions of Li with S 5 Se 2 , respectively. [33] The upper voltage plateau was generally attributed to the dissolution region, while the lower voltage plateau was related to the formation of solid Li 2 S and Li 2 Se. [34] In addition, a small plateau was observed at ≈1.6 V, which was related to the reduction of LiNO 3 additive. [35] In the HFE-based electrolyte (Figure 2c ), the single long discharge plateau indicates a solid-solid lithiation-delithiation process, while the short sloping region may correspond to the formation of trace polysulfides/polyselenides in the initial discharge stage. Figure 2d shows the cycle performance of the S 5 Se 2 /KB cathode in three different electrolytes at C/20. The S 5 Se 2 /KB cathode can only deliver a capacity of around 300 mAh g −1 in the carbonate electrolyte, which can be ascribed to the widely reported poor compatibility of Li/S battery with carbonate electrolytes. [32] Figure S3a (Supporting Information) shows the electrochemical performance of S/KB cathode in the carbonate electrolyte, which quickly faded in few cycles. In fact, in order to enable the use of Li/S battery in the carbonate electrolytes, a physical barrier to isolate sulfur species and carbonate solvent is necessary. While in the case of Li/Se battery, a lot of reports have shown that it is much more compatible with carbonate electrolytes than Li/S battery. Li et al. have reported that amorphous S-rich S 1−x Se x /C cathode could demonstrate much better electrochemical performance than S/C cathode without Se. [7] Figure S3b (Supporting Information) shows the electrochemical performance of Se/KB composite in the carbonate electrolyte, which can deliver a stable capacity of around 400 mAh g −1 with single discharge plateau of ≈1.8 V. That is the reason why the S 5 Se 2 /KB material can still deliver 300 mAh g −1 in the carbonate electrolyte, in which the capacity is mainly from the contribution of Se redox reaction. In the DME-based electrolyte, the cathode showed continuous capacity degradation over 50 cycles, together with severe shuttle effect. This result is similar to the previously reported Se-based cathodes and was attributed to the aggravation formation of highly soluble longchain polyselenides during cycling. [24] As a comparison, after an activation process in the initial three cycles, the S 5 Se 2 /KB cathode in the HFE-based electrolyte attained a much higher reversible capacity of over 700 mAh g −1 and displayed minimal shuttle effect within 50 cycles. This may result from its solidsolid (de)lithiation mechanism, which can bypass the formation of soluble polysulfides/polyselenides during electrochemical cycling.
To clearly unravel the reaction mechanism of the S 5 Se 2 / KB cathode in DME-and HFE-based electrolytes, in operando synchrotron HEXRD studies were carried out to monitor their structural evolution during the charge/discharge process. Coin cell with a 3 mm hole on the top and bottom cases and sealed with Kapton film was used for HEXRD experiment ( Figure S4a , Supporting Information). Figure 2e shows the in operando HEXRD patterns of the S 5 Se 2 /KB cathode in the DME-based electrolyte together with its first discharge/charge curve at C/10. In the figure, multiple discharge voltage plateaus can be clearly seen, corresponding to the commonly reported two-step reactions from S 5 Se 2 to Li 2 S n /Li 2 Se n (n ≥ 4) and then Li 2 S/Li 2 Se. [33] It can be clearly seen that the diffraction peaks of Li 2 S and Li 2 Se can be well indexed during the discharge process. During charge, a long charge plateau was observed, which should be related to the oxidation of Li 2 S and Li 2 Se to long-chain polysulfides/polyselenides. However, at the end of the first charge process, the diffraction peaks of Li 2 S and Li 2 Se could still be seen, indicating a large amount of solid products (Li 2 S and Li 2 Se) remained in the electrode. [36] It can be clearly seen that the intensities for the diffraction peaks of Li 2 Se (33.5°) was increased during charge ( Figure S5 , Supporting Information), indicating that it is formed by chemical reaction between long-chain Li 2 Se n and the Li anode rather than electrochemical reduction of Se or long-chain polyselenides (impossible during charge). Therefore, the above parasitic reactions of long-chain polyselenides are the main cause for the poor electrochemical performance of the S 5 Se 2 /KB cathode in the DME-based electrolyte, a finding that coincides with our previous study. [24] The electrochemistry and structural evolution of the S 5 Se 2 / KB cathode in the HFE-based electrolyte is shown in Figure 2f , which also involved the formation of crystalline Li 2 S and Li 2 Se during discharge. Nevertheless, only a small amount of residual crystalline Li 2 Se is evident at the end of the charge. This was attributed to the sluggish electrochemical oxidation kinetics of Li 2 Se in the HFE-based electrolyte (due to solid state), thus leading to the capacity activation process in the initial three cycles. Figure S6a ,b (Supporting Information) shows the first discharge/charge curves of S/KB and Se/KB cathodes at C/20 in the HFE-based electrolytes, respectively. As can be seen, they both present a single discharge plateau. Therefore, we speculate that the interplay between space-confined Se-S cathodes and HFE-based electrolyte could enable a solid-solid (de)lithiation process for Se-S/KB cathodes.
To confirm this hypothesis, we carried out in situ 7 Li NMR spectroscopy, as it is very sensitive to the solid and liquid Li + species inside the test cells. The solid components generally result in broader signals while the solution components usually present narrow line widths due to the presence of anisotropic interactions. The electrochemistry of the Li/S system in the DME-based electrolyte has been explored by Grey and co-workers, [37] who found that the S is reduced to soluble polysulfide species concurrently with the formation of a solid component (Li 2 S) at the beginning of the first plateau, and the second plateau is defined by the reduction of the residual soluble species to solid product. In this work, a pouch cell ( Figure S4b , Supporting Information) was used for in situ 7 Li NMR measurement to explore the nature of the possible intermediates and products formed during the lithiation/delithiation of the S 5 Se 2 /KB cathode in the HFE-based electrolyte. Figure 3a shows the typical 7 Li NMR spectra of the pristine S 5 Se 2 /KB cathode before charge/discharge, which shows two sharp signals including one at higher frequency and one at lower frequency. The NMR spectra can be well fitted by two resolvable peaks with a high overlap of 91.3% by using the software suite included in Topspin 3.1. This is similar to the results reported by Grey and co-workers, [37] and the peaks may be assigned to the soluble Li + species in the cell. It is hard to distinguish the contributions of either electrolyte or other battery components, such as LiNO 3 additive, to the peaks. Nonetheless, the noticeable changes in intensity for these two sharp signals during charge/discharge are generally ascribed to the formation/decomposition of soluble polysulfides or polyselenides. [38] When the cell was discharged to 1.0 V, as shown in Figure 3b , in addition to two sharp signals from the soluble Li + species, a broad resonance signal is apparent, which is related to the formation of a Li + -containing solid species such as Li 2 S and Li 2 Se. [38] When the cell was charged back to 3.0 V (Figure 3c ), the intensity of these two sharp peaks changed very little while the broad signal decreased but did not completely disappear. This finding indicates that some of the Li + -containing solid species were oxidized, and some remained in the electrode at the end of the charge, a finding that is in good agreement with the in operando HEXRD result. Figure 3d shows the 2D contour plot of the in operando NMR spectra of the S 5 Se 2 /KB cathode in the HFE-based electrolyte along with the first discharge/charge curve at C/30. The color represents the intensity of the NMR signals, with red being high intensity and blue being low intensity. As shown, as the discharge proceeded, different from the results in the DMEbased electrolyte reported by Grey and co-workers [37] and Wang et al., [38] the intensities of two sharp signals (represented by the red color) changed little while the signal of the broad resonance gradually increased, indicating more Li + -containing solid formation. During charge, the signals for the Li + -containing solid gradually decreased. To quantify the change of the soluble and solid Li + species, in situ NMR data were fit by fixing the widths of the sharp resonances but allowing the line width of the broad resonance to float. Good fits were obtained throughout (see Figure S7 , Supporting Information). [37] The integrated areas of the high frequency, low frequency, and broad resonance along with the charge/discharge process are compared in Figure 3e . As shown, the integrated areas of the soluble Li + species at both high and low frequency slightly increase at the very beginning of the discharge and then keep relatively stable for the remaining charge/discharge process, which means that a small amount of polysulfides/polyselenides formation occurred during the early discharge stage in the HFE-based electrolyte, a finding that is consistent with the prediction from the voltage profiles. Moreover, the integrated area of the Li + -containing solid changed little at the very beginning of the discharge. However, its intensity was significantly increased after the consumption of the trace polysulfides/polyselenides and reached a maximum at the end of discharge. During charge, the integrated area of solid Li + species gradually decreased, while the soluble Li + species remained relatively stable. Hence, in operando 7 Li NMR study revealed very little soluble polysulfides/ polyselenides formation in the HFE-based electrolyte during the whole charge/discharge process, and most of the S 5 Se 2 was converted directly to Li 2 S and Li 2 Se, indicating a solid-solid lithiation-delithiation process.
To further confirm this conclusion, we carried out in operando Se K-edge X-ray absorption near edge spectroscopy (XANES) on the fourth cycle of the S 5 Se 2 /KB cathode in the HFE-based electrolyte to bypass the activation process in the initial three cycles. Figure 4a shows a 2D contour plot for the in operando Se K-edge XANES data at C/10. As shown, the absorption intensity of Se (12 658 eV) gradually decreased during the discharge and was completely recovered at the end of charge. Representative Se XANES spectra during the discharge/charge process are shown in Figure S8 (Supporting Information), in which no energy shift for Se from 12 658 to 12 665 eV is evident. This is consistent with our previous result for carbonatebased electrolyte [8] and different from that for DME-based electrolyte. [15] Therefore, we concluded that Se-S/KB cathodes undergo a solid-state lithiation/delithiation process in the HFEbased electrolyte. Note that although hydrofluoroether electrolyte has been previously reported for S cathodes by others, [39, 40] Adv. Energy Mater. 2018, 1802235 their main focus is the suppressed polysulfides dissolution and enhanced solvation capability. What we are looking in this work is the unexpected solid-solid lithiation chemistry resulting from the interplay between rational cathode design and optimal electrolyte. This process is critical to improve the shuttle effect and cycle life, as it directly bypasses the formation of soluble polysulfides/polyselenides. Figure 4b further compares the parasitic reactions of the Se-S/KB cathode in the DME-and HFE-based electrolytes as measured by our home-built high-precision leakage current measurement system. [41] [42] [43] [44] The cells were discharged/charged for two cycles and then charged to a different potential and held for 20 h to obtain the equilibrium current. The measured leakage current (i) is proportional to the reaction rate of the parasitic reactions between the potentially formed polysulfides/ polyselenides and Li anode during charge. Hence, the static leakage current can be used as a quantitative indicator for polysulfide/polyselenide shuttle. As shown in Figure 4b , the largest leakage current in the HFE-based electrolyte is only one-fourth that in the DME-based electrolyte, indicating a significantly improved shuttle effect.
By only changing the solvent from DME to HFE and keeping the other components the same, we observed the switch of reaction pathway from solid-liquid-solid to solid-solid. In another word, the solid-solid lithiation process should come from the contribution of HFE, and LiNO 3 did not play a critical role in enabling the solid-solid lithiation process. We have further prepared an electrolyte without LiNO 3 (1 m LiTFSI/ DOL+HFE (1/1, v/v)). As shown in Figure S9 (Supporting Information), without LiNO 3 , Se/Ketjenblack composite still presented single discharge voltage plateau and no clear shuttle effect can be observed during cycling, indicating a possibility of using an electrolyte without LiNO 3 . This solvent-induced reaction pathway change may depend on the charge/discharge rate, which may bypass the formation of some intermediates, such as soluble long-chain polysulfides/polyselenides, owing to electrochemical polarization. Therefore, the Li/S 5 Se 2 cell was charge/discharged in the HFE-based electrolyte at a very low rate of C/100 (1C = 1389 mA g −1 ). As shown in Figure S10 (Supporting Information), the voltage-capacity curve still presents a single discharge plateau rather than the multiple discharge plateaus displayed with the DME-based electrolyte. This finding indicates that the solid-solid (de)lithiation process of Se-S cathodes in the HFE-based electrolyte is not kineticcontrolled. The solid-state lithiation chemistry would not come from the suppressed polysulfides dissolution in the HFE-based electrolytes either. For example, Suo et al. have reported a solvent-in-salt electrolyte for Li/S batteries, in which polysulfide dissolution was inhibited as confirmed by the polysulfides dissolution test and the ultraviolet-visible result. [45] However, it still presented two lithiation plateaus in the voltage profile, corresponding to a two-step solid-liquid-solid lithiation reaction and formation of soluble polysulfides. We have further conducted density functional theory (DFT) calculation to determine the solvation energies of polysulfides in the DOL, DME, and HFE, which had been used to predict the solubility of species in different solvent. [46] The ground-state molecular structures of polysulfides were fully optimized at the B3LYP/6-31G(d) level, and their energies are shown in Figure S11 (Supporting Information). The solvation energies of polysulfides in different solvents were investigated by using the solvation model based on density (SMD). As shown in Table S1 (Supporting Information), the solvation energies of polysulfides (e.g., Li 2 S 4 ) in the HFE are all close to those value in the DME and DOL, which should not cause significant lithiation chemistry change as observed.
To understand the mechanism behind the solid-solid lithiation chemistry, we have further conducted X-ray photoelectron spectroscopy (XPS) characterization on the cycled electrodes to unravel the compositional/structure characteristics of the interfacial layers and the related ionic transport across the interface in Li/Se-S batteries. Figure 5a-d shows the XPS characterization result of discharged S 22.2 Se/KB cathode in different electrolytes. Compared to the one in DME-based electrolyte, there is an obvious formation of SEI layer on the surface of S 22.2 Se/ KB cathode material when discharged in the HFE-based electrolyte. This can be confirmed by the evolution of C1s peaks for CF3 (≈294 eV) and CC (≈284 eV) bond due to the decomposition of HFE solvent and also enhanced S2p peaks of sulfate and sulfite (166-172 eV) due to the increased reduction of LiTFSI salt. XPS sputtering experiment further confirmed the formed SEI layer is robust. The SEM images ( Figure S12 , Supporting Information) of discharged electrodes in different electrolytes also showed that without the formation of SEI layer, lots of plate-like structures formed, indicating the dissolution of polysulfides/polyselenides from the carbon host. Similar platelike discharge products formation has also been observed in the case of Li/S battery that undergoes severe shuttle effect using DOL/DME-based electrolytes. [40, 47] While no obvious structure changes can be observed in the HFE-based electrolytes, confirming bypassed formation of polysulfides/polyselenides via the help of SEI layer. Figure 5e shows the schematic illustration for different lithiation mechanism in different electrode/electrolyte systems. The origin of different lithiation mechanism in two different electrolytes for the same cathode structure should come from the in situ formed SEI layer, which can act as a physical barrier between electrode and electrolytes. In the HFEbased electrolyte, the formed robust SEI layer can desolvate Li + and prevent the attack of solvent molecules toward Se-S, and thus lead to the solid-solid lithiation process, while in the DME-based electrolytes, there is no such SEI formation and the solvated Li + can easily penetrate into the Se-S active material, and thus lead to the formation of polysulfides/polyselenides and the solid-liquid-solid lithiation process.
According to the report by Liu and co-workers, [48] SEI also formed outside the sulfur cathode in DME-based electrolyte. However, the charge/discharge curves also displayed two voltage plateaus in the reduction reaction, implying solidliquid-solid lithiation process. We believe that it is the composition and distribution of SEI layer that play a significant role on tailoring the reaction pathway, which highly depend on the electrolytes and cathode structure. For example, LiNO 3 could decompose to form a passivation film consisting of LiN x O y on the surface of S cathode to suppress the shuttle effect but did not change the reaction pathway. [24, 49] In the result reported by Liu and co-workers, [48] the main SEI composition are Li 2 CO 3 and ROCO 2 Li, which cannot invoke a solid-solid lithiation process either. In our result, the main SEI component came from the decomposition of HFE and LiTFSI salt, which both consist of CF 3 in their molecular structures, leading to the formation of concentrated LiF and Li x SO y in the resulted SEI layer when the discharge cutoff voltage reached 1.0 V. As can be seen in Figure S13 (Supporting Information), without the formation of such SEI layer, S 5 Se 2 /KB cathode would still undergo two Adv. Energy Mater. 2018, 1802235 Figure 5 . a) C1s and b) S2p X-ray photoelectron spectroscopy (XPS) spectra of first discharged S 22.2 Se/KB cathode in (i) DME-based, (ii) HFE-based electrolyte, (iii) first discharged S/KB cathode in HFE-based electrolytes; XPS spectra of c) F1s and d) C1s of first discharged S 22.2 Se/KB cathode in HFE-based electrolytes after different etching time; e) schematic illustration for different lithiation mechanism of Se-S cathodes in HFE-based and DME-based electrolytes. discharge plateaus in the second cycle in the HFE-based electrolytes when it is cycled between 1.5 and 3.0 V. In this voltage region, it will form different SEI layer (mainly from the decomposition of LiNO 3 additive) from that in the voltage region of 1.0-3.0 V. Moreover, the distribution of the SEI layer will also affect the electrochemical behavior. Noted that the sulfur/ carbon spheres composite reported by Liu and co-workers is crystalline, [48] indicating part of sulfur may be deposited outside the carbon spheres. The electrochemical reduction of solvent and salt would prefer to take place on high conductivity area (carbon matrix in this case). Therefore, the sulfur particles outside the carbon spheres would not form such protective SEI layer, which will lead to the observed two-step solid-liquidsolid reaction. In our case, S 5 Se 2 /KB material is amorphous, indicating that all the S 5 Se 2 were encapsulated into the pores of KB. Hence, the SEI can deposit on the KB surface and thus prevent the contact between S 5 Se 2 and the electrolytes and further solid-solid lithiation process.
The above results suggest that the dissolution of polysulfides/polyselenides can be inhibited by tailoring the (de) lithiation chemistry of space-confined Se-S cathodes. Since Se has a higher electronic conductivity but lower gravimetric capacity (675 mAh g −1 ) than S, by rational design for the atomic ratio between S and Se, one can develop an optimal Se-S material with similar theoretical gravimetric capacity and improved electronic conductivity compared to S. In this work, an amorphous Se-doped S 22.2 Se/KB (50 wt%) cathode was further developed by adjusting the raw weight ratio between S and Se. The HEXRD pattern for the S 22.2 Se/KB composite in Figure S14 (Supporting Information) indicates that it is an amorphous structure. The composite shows similar morphology with the S 5 Se 2 /KB composite for the SEM image in Figure S15a ,b (Supporting Information), which indicates microsized secondary particles. The SEM elemental map ( Figure S15c -f, Supporting Information) further confirmed that C, Se, and S are uniformly distributed in the composite without any aggregation. Figure 6a shows the charge/discharge curves of the S 22.2 Se/ KB cathode in the initial three cycles at C/20 in the HFE-based electrolyte. The single long discharge voltage plateaus confirm a solidsolid (de)lithiation process. The initial discharge capacity was 1824.5 mAh g −1 , slightly exceeding the theoretical capacity of S. The excess capacity is due to the decomposition of LiNO 3 additive to form a surface protective layer on the Li anode to further prevent the shuttle effect. [18] The initial charge capacity was 1307.9 mAh g −1 , leading to a high S utilization of around 80%. The voltage polarization decreased from the second cycle, owing to an activation process of solid-solid lithiation. Figure 6b shows the corresponding cycle performance and coulombic efficiency upon charge/ discharge at C/20. A high reversible capacity of >1000 mAh g −1 was maintained within 50 cycles, indicating good cycle stability. Moreover, the coulombic efficiency after the first cycle was very close to 100%, suggesting a significantly improved shuttle effect. Figure 6c further compares the rate capabilities of S 22.2 Se/KB and S/KB cathodes by continuously varying the current density. The curves clearly show that the S 22.2 Se/KB demonstrates much higher reversible capacity than Se-free S/KB at different current densities. This difference is likely owing to the higher electronic conductivity of Se than S, which can improve the poor electronic conductivity and the sluggish kinetics, especially during solid-solid ( at high rates. Both cathodes were cycled at C/20 for three cycles, and then the S 22.2 Se/KB cathode was cycled at 1C and 2C, and the S/KB cathode at 1C. After 250 cycles of charge/discharge at 1C and 2C, the S 22.2 Se/KB cathode still delivered a reversible capacity of 660 and 583 mAh g −1 , respectively, demonstrating excellent long-term cycle stability. By comparison, the S/KB cathode only maintained 417 mAh g −1 after 250 cycles at 1C. Despite the cycle stability difference, they both show coulombic efficiency close to 100% after the second cycle ( Figure S16 , Supporting Information), indicating a diminished shuttle effect in the HFE-based electrolyte. Therefore, by manipulating the SEI chemistry via the interplay between rational cathode design and optimal electrolyte, the dissolution of polysulfides/polyselenides, and the sluggish electrochemical reaction kinetics of S cathodes can be remarkably improved.
To attain higher energy densities, higher Se-S loading is needed in the composites and also in the electrodes. The loading in the electrodes could be further optimized through a laminate fabrication process [50] and smart electrode structure design, [51] while immobilizing polysulfides/polyselenides within the host materials should be at the core of high S loading system when using DME-based electrolytes. Considering the volume change from S (ρ = 2.03 g cm −3 ) to Li 2 S (ρ = 1.66 g cm −3 ), we calculated the maximum S loading with respect to the pore volume of porous carbon. As shown in Figure S17a (Supporting Information), the required pore volume increased with increasing S loading. For example, for 70 wt% S loading, a pore volume of at least 2.02 cc g −1 is required to constrain all the S in the pores and simultaneously accommodate the volume change during charge/discharge. However, this value is dramatically increased to as high as 4.91 cc g −1 for 85 wt% S loading. Such a high pore volume is rarely reported in microporous carbon (<2 nm) and small mesoporous carbon (2-10 nm). Figure S17b (Supporting Information) summarizes the pore size, pore volume, and the corresponding sulfur loading for various porous carbons in Li/S batteries from previously reported papers (see Table S2 , Supporting Information). As shown, most of microporous carbons have a pore volume of <1.0 cc g −1 , and their S loading is generally below 50%. The pore volumes of small mesoporous carbons (2-10 nm) are in the range of 0-3.5 cc g −1 , and the reported S loadings are between 50 and 80%. The large mesoporous carbons (10-50 nm) generally have higher pore volume and higher affordable S loading than microporous carbon or small mesoporous carbon. However, without further structure modification such as surface coating, the reported shuttle effect and capacity retention in DME-based electrolyte with electrodes using large mesoporous carbon were not satisfactory due to relatively weak S confinement. [52] [53] [54] [55] [56] Based on the above findings, we further explored the (de) interfacial chemistry of high Se-S loading systems using HFEbased electrolyte. Figure 7a shows the pore size distribution of two kinds of highly porous carbon (HPC). HPC1 has a main pore size of ≈40 nm, and an extremely high pore volume of 6.053 cc g −1 , which can theoretically load ≈87.5 wt% Se-S. HPC2
Adv. Energy Mater. 2018, 1802235 has a smaller pore size of ≈8 nm and also a lower pore volume of 1.464 cc g −1 , which can only encapsulate 62.8 wt% Se-S in theory. We therefore prepared two Se-S/HPC composites with 70 and 85 wt% S 22.2 Se loading using HPC1 and HPC2, respectively. Figure 7b compares the cycle performance of S 22.2 Se/ HPC1 (70 wt%) and S 22.2 Se/HPC2 (70 wt%) composites at C/2 in HFE-based electrolyte. As clearly shown, the S 22.2 Se/ HPC2-70 wt% cathode can deliver relatively high initial reversible capacities of ≈900 mAh g −1 at C/2. However, polysulfide/ polyselenide shuttle and continuous capacity degradation were observed. After 200 cycles of charge/discharge, the reversible capacity was only 300 mAh g −1 . By comparison, although the reversible capacity of the S 22.2 Se/HPC1-70 wt% cathode was slightly lower (≈800 mAh g −1 ), the shuttle effect and the capacity retention within 200 cycles are much better than that of S 22.2 Se/HPC2-70 wt%. The capacity retention after 200 cycles at C/2 is about 74% of the first-cycle capacity, corresponding to a capacity fade rate of only 0.13% cycle −1 . When increasing the S 22.2 Se loading to 85 wt%, as shown in Figure 7c , the S 22.2 Se/ HPC1-85 wt% cathode can still deliver a reversible capacity of 542.7 mAh g −1 after 150 cycles with a small polysulfide/polyselenide shuttle at C/2. By contrast, the reversible capacity of the S 22.2 Se/HPC2-85 wt% cathode is only ≈400 mAh g −1 and quickly faded to ≈200 mAh g −1 after ten cycles, indicating very low utilization of active material. Figure S18a (Supporting Information) further shows the first three charge/discharge curves of S 22.2 Se/HPC1-85 wt% in carbonate-based electrolyte at C/10. As shown, the initial discharge capacity was only 415.2 mAh g −1 , while the initial charge capacity was even lower (38.5 mAh g −1 ), which should be attributed to the accelerated nucleophilic reaction between Li 2 S and carbonate-based electrolyte in the large porous carbon. The cycle performance of S 22.2 Se/HPC1-85 wt% in DME-based electrolyte is shown in Figure S18b (Supporting Information). Compared to the one in HFE-based electrolyte, S 22.2 Se/HPC1-85 wt% presents larger shuttle effect and lower reversible capacities in DME-based electrolyte. This should be owing to the weak S confinement effect of large porous carbon and the high polysulfides solubility of DME-based electrolyte. Hence, it can be clearly seen that by using HFE-based electrolyte to modify the electrode/electrolyte interface of Li/S batteries, large porous carbon that has long been regarded as inferior S host materials became effective. This finding is critical for the development of high loading Li/S batteries to increase the overall volumetric energy of batteries. Figure 7d is a schematic for the structures of different S 22.2 Se/HPC composites. For S 22.2 Se/HPC1-70 wt% and S 22.2 Se/ HPC1-85 wt%, because of the extremely high pore volume of HPC1 (6.053 cc g −1 ), all the S 22.2 Se can be well confined within the pores, which can help to form a stable SEI layer and thus lead to good cycle stability. For S 22.2 Se/HPC2-70 wt%, all the S 22.2 Se can also be encapsulated into the mesopores of HPC2 because of its pore volume (1.464 cc g −1 , corresponding to maximum ≈75 wt% S 22.2 Se loading without considering the volume change). However, the volume change induced during charge/ discharge will lead to breakup of the SEI layer and further dissociation of S 22.2 Se from the mesopores and deposit on the surface of HPC2, and thus lead to the shuttle effect and capacity fade, as observed in Figure 7b . By avoiding the effect of pore volume, we found when lowering the content of S from 70 to 60 wt%, S/HPC1-60 wt% and S/HPC2-60 wt% present similar electrochemical performance in terms of reversible capacity, coulombic efficiency, and capacity retention ( Figure S19 , Supporting Information), indicating pore size does not affect the electrochemical performance when all the sulfur were well confined. For S 22.2 Se/HPC2-85 wt%, all the mesopores will be filled with S 22.2 Se (75 wt%), and the excess S 22.2 Se will deposit on the surface of HPC2 and block the diffusion of Li + and electrons to the active material inside the pores. Therefore, very low reversible capacities were observed during charge/discharge. These results indicated that when going to high S content, pore volume may be more important to control the status of S and the associated SEI formation. In a word, it can be known that the interplay between cathode and electrolytes can significantly change the (de)lithiation chemistry and thus the electrochemical performance of space-confined Se-S cathodes.
Conclusion
In summary, by Se doping and rational electrode/electrolyte interface design for Li/S batteries, the sluggish electron transport and the polysulfide dissolution can be remarkably improved. This effect can be attributed to the high electronic conductivity of Se and the solid-solid lithiation chemistry enabled via a robust SEI layer. As a result, space-confined Se-S cathodes switched from the conventional two-step solid-liquidsolid reaction to solid-state (de)lithiation, as evidenced by in situ 7 Li NMR and in operando synchrotron X-ray probes. This switch directly bypassed the formation of highly soluble polysulfides/polyselenides during cycling and thus led to significantly improved electrochemical performance. Hence, Se-doped S/Ketjenblack cathode can deliver a reversible capacity of above 1000 mAh g −1 at C/20 within 50 cycles, 660 mAh g −1 at 1C after 250 cycles, and 583 mAh g −1 at 2C after 250 cycles, as well as an excellent rate capability of 700 mAh g −1 at 5C together with minimal shuttle effect. Moreover, this process also extends the optimal confinement pore size from micropores and small mesopores to large mesopores and even macropores, which can benefit the development of high-loading Li/S batteries toward high volumetric energy density. Our results indicate that manipulating the SEI interfacial chemistry via interplay between rational cathode design and optimal electrolyte could pave a new way for the development of high-performance and high-loading Li/S batteries.
Experimental Section
Preparation of Se-S Compounds: In a typical synthesis, sulfur powder and selenium powder were mixed in a designated weight ratio and then sealed in a glass tube under vacuum. The sealed glass tube was heated to 600 °C with a heating rate of 5 °C min −1 in a box furnace, and then held for 3 h before being cooled to room temperature naturally.
Preparation of Se-S/KB Composites: For the typical synthesis of S 5 Se 2 / KB composite with a loading of 50 wt%, sulfur powder, selenium powder, and Ketjenblack (EC-600JD-AkzoNobel) were mixed at a weight ratio of 1:1:2 in a glovebox (argon filled) and then transferred to a ball milling machine and ball milled at a speed of 1425 rpm for 700 min. The weight ratio of the balls and the mixture was maintained at 10. After that, the collected powder was transferred to a sealed stainless steel reactor and calcined at 260 °C for 24 h. The powder was collected after the temperature was cooled to room temperature. S/KB, S 22.2 Se/KB, and Se/KB composites with a loading of 50 wt% were also synthesized according to the above procedure with modification on the weight ratio.
Preparation of HPC and S 22.2 Se/HPC Composite: For the synthesis of the HPC materials, a modified version of a synthesis strategy was utilized as previously employed. [57] To summarize, a 15 wt% aqueous suspension of 4 nm colloidal silica (Alfa Aesar) was mixed under medium stirring with sucrose. For the HPC-1 sample, an amount of sucrose that maintained a 2:1 ratio (by weight) of silica to sucrose was prepared and added to the solution; for the HPC-2 sample, a 0.5:1 (by weight) ratio of silica to sucrose was used. After the components were combined into a homogeneous dispersion, the mixture was poured into an aluminum mold. The mold was placed into an open container, whereupon liquid nitrogen was poured into the container until the liquid nitrogen level was just below the top of the mold. After the mixture was completely frozen, the mold was moved into a lyophilizer (Labconco 74000 series) for freeze drying. After the water was completely removed via sublimation, the resultant material was then placed into a tube furnace (MTI GSL-1700-X), where it underwent pyrolysis under an argon environment, reaching a target temperature of 1000 °C at a ramp rate of 3 °C min −1 . The sample was held at 1000 °C for 3 h and afterward was cooled to room temperature at a rate of 3 °C min −1 . Next, the sample was placed in 3 m NaOH under medium stirring at 80 °C overnight to remove the silica, forming the mesopores. After etching the silica, the porous carbon was washed with deionized water until a pH of 7 was reached, whereupon the sample was dried in a vacuum oven at 80 °C overnight. S 22.2 Se/HPC1 and S 22.2 Se/HPC2 with a S 22.2 Se loading of 70 wt% were prepared by mixing sulfur powder, selenium powder, and HPC powder in a weight ratio of 0.63:0.07:0.3 and then sealed in a glass tube under vacuum. The sealed glass tube was heated to 600 °C with a heating rate of 5 °C min −1 in a box furnace, and then held for 3 h before being cooled to room temperature naturally. S 22.2 Se/HPC1 and S 22.2 Se/HPC2 composites with a loading of 85 wt% were also synthesized according to the above procedure with modification on the weight ratio.
Materials Characterization: The morphologies and structures of the as-prepared samples were characterized by field-emission scanning electron microscopy (HITACHI S-4700-II) and transmission electron microscopy (FEI Titan). The content of Se-S in the Se-S/C composites was measured by thermogravimetric analyses on a STA 449 F3 instrument under an argon atmosphere. High-energy synchrotron XRD measurements were carried out at Beamline 11-ID-C in Argonne National Laboratory's Advanced Photon Source (APS) using X-rays with wavelength of 0.117418 Å. The surface area, porosity, and pore size were determined in a gas sorption system (QUANTACHROME AUTOSORB 6-B). The samples were degassed at 110 °C for at least 20 h under vacuum, and then nitrogen adsorption/desorption isotherms were obtained at a constant temperature of 77.4 K. The various textural properties were all determined from the isotherms. The specific surface area was calculated by the Brunauer-Emmett-Teller (BET) method (seven points). The pore volume was estimated from singlepoint adsorption at a targeted relative pressure of 0.995. The pore size distribution was determined from the adsorption branch, according to the Barrett-Joyner-Halenda (BJH) method. X-ray photoelectron spectroscopy analyses were performed in ESCALAB 250Xi using a monochromatized Al K source and equipped with an Ar + ion sputtering gun (Thermo Fisher). Ar + etching was conducted at an argon partial pressure of 10 −8 Torr in the x-y scan mode at ion acceleration of 3 kV and ion beam current density of 1 µA mm −2 .
Electrochemical Characterization: The Se-S/C laminates were prepared by spreading a mixture of 70 wt% Se-S/C composites, 20 wt% Super P, and 10 wt% sodium alginate (2.0 wt%) onto a aluminum foil current collector. The as-prepared electrodes were then dried at 60 °C in a vacuum oven for 24 h. The loading density of active materials for the Se-S/KB electrodes was controlled at about 1.5 mg cm −2 . The loading density of active materials for the Se-S/HPC electrodes was controlled at about 2.0-2.5 mg cm −2 . The electrochemical performance of the Se-S/KB and Se-S/HPC electrodes was determined after assembling them into coin cells (type CR2032) in an argon-filled glovebox under conditions that the content of moisture and oxygen were both below 10.0 ppm. The electrode was separated from a lithium counter electrode by a separator (glass fiber, Grade GF/F Glass Microfiber Filter Binder Free, circle, 125 mm).
The electrolyte was based on DME, HFE, or carbonate. The DMEbased electrolyte was composed of 1.0 m LiTFSI in DOL and DME (1/1 volume ratio) with 0.1 m LiNO 3 additive. The HFE-based electrolyte was composed of 1.0 m LiTFSI in the DOL and 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (1/1 volume ratio) with 0.1 m LiNO 3 additive. The carbonate-based electrolyte was composed of 1.0 m lithium hexafluorophosphate (LiPF 6 ) in ethylene carbonate and dimethyl carbonate (1/1 volume ratio). Also, 0.25 m Li 2 S 6 catholyte was prepared by dissolving stoichiometric amounts of sulfur powder and Li 2 S powder in a stoichiometric amount of DME-based electrolytes and then stirring at 50 °C overnight.
The assembled cells were charged and discharged with a MACCOR cycler at different rates. For high-rate cycling tests (such as C/2, 1C, and 2C), the cell was subjected to three formation cycles at C/20. 1C is defined as discharge/charge the theoretical capacity of Se-S cathodes in 1 h, which is 675 mA g −1 for Se, 1389 mAh g −1 for S 5 Se 2 , and 1631 mA g −1 for S 22.2 Se, respectively.
In Situ 7 Li NMR Cell Assembly and Measurements: A Li/S 5 Se 2 pouch cell with HFE-based electrolyte was assembled in an argon-filled glovebox, and a package film (3M Scotchpak LF400M) was used to contain the cell parts and the electrolyte. The pouch cell was hermetically sealed with a heat sealer. The pouch cell was connected and tested with a portable MACCOR electrochemical test station (model 4400). In operando 7 Li NMR measurement was carried out at 7.02 T on a Bruker Advance III WB spectrometer operating at a Larmor frequency of 116.6 MHz using a static HX probe. A π/2 pulse width of 4.25 µs was used with sufficiently long pulse recycle delay of 10 s. Chemical shifts were referenced to 1 m LiCl at 0 ppm. NMR acquisition was started simultaneously with the electrochemical cycling, and each NMR spectrum acquisition took 42 min to finish. The Li/S 5 Se 2 pouch cell was cycled between 1.0 and 3.0 V at C/30 to allow enough time for NMR spectra acquisition. The data fitting of the NMR spectra was performed by using the software suite included in Bruker Topspin 3.1 to quantify the integrated areas of different species.
In Operando HEXRD and Se K-Edge XANES Measurements: Coin cells with a hole on both the top and bottom case were used for in operando X-ray experiments. In operando synchrotron HEXRD experiments were carried out at Beamline 11-ID-D of the APS using X-rays with wavelengths of 0.799898 Å. In operando XANES experiments on the Se K-edge between 12 458 and 13 458 eV were carried out in transmission mode at Beamline 20-BM-B of the APS. The incident beam was monochromatized by using a Si (111) fixed-exit, double-crystal monochromator. During the in operando experiment, a MACCOR cycler was used to charge/discharge the cells using a constant rate of C/10 (1C = 1389 mA g −1 ) between 1.0 and 3.0 V.
Computational Details: All the calculations, including geometry optimizations, were performed with DFT using B3LYP functional with the basis set of 6-31G(d). The SMD model in Gaussian 09 was chosen for computing the free energy (ΔG) of solvation. The computations were carried out using the program package Gaussian 09.
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